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1 Summary

Measurements of parity violation in elastic ép scattering directly measure the couplings
of the Z boson to the proton. In the standard model of electroweak interactions, these
couplings are well defined in terms of the parameters of the model. When we consider
the currents to be carried by the quarks, clear statements can also be made about the
contributions of the various flavors of quarks to these currents.

We expect CEBAF to be an ideal laboratory for the study of £p parity viclation,
primarily due to its excellent beam emittance, high current, and a well controlled beam
polarization that may very well exceed 50%. We have identified two specific kinematic
regions that are particularly interesting. One, at Q% = 0.1 GeV'?, will be mainly sensitive
to contributions from flavor singlet pieces of the quark currents, assuming that matrix
elements of s—quarks in the proton are not negligible. Another, at Q? & 0.02 GeV2, will
allow us to extract a value of sin’fy that is rather insensitive to uncertainties in-the
proton form factors. These two measurements can run concurrently since they would use

the same beam and target.

We propose that, as soon as beam is available at CEBAF, we begin a series of initial
measurements to determine the feasibility of these measurements. This would also, of
course, include studies of the many possible sources of systematic error. These measure-
ments would not only serve as necessary ground work for ensuing precision measurements
of parity violation, but they would also provide an enormous amount of data relevant to
CEBAF operation. Specifically, we request 3 weeks of instial beam time for RED wnth a
partial apparatus and a solid target with the following provisions:

e 2 weeks with 50% polarized beam and 1 week with unpolarized beam
o Rapid reversal from 1 Hz to 1 kHz under experimenter control

e = 50 uA average beam current, or highest available

s 30 ns beam chopping period



2 Introduction

The “Standard Model” of electroweak interactions, based on a simple SU(2), x U(1)r
gauge group with spontaneous symmetry breaking, has enjoyed enormous success [Am87|.
Essentially one free parameter, the weak mixing angle sin?8y , predicts the structure of
the weak neutral current Jf in terms of the familiar electromagnetic current J7. In
particular, we have

JZ = J3 - sin*y J] (1)

where J3 is the third component of “weak isospin” defined by the group SU(2);. Conse-
quently, the neutral current carried by both leptons and quarks is completely specified.
Even though more complex models may be more appealing for a variety of reasons, they
are not needed to explain the existing body of data. The “best” value for sin?dy is

=~ 0.23 [Am87].

The great success of the standard model suggests two fruitful paths for future ex-
perimentation. One is obviously to test the model in as many complementary ways as
possible. This is made particularly interesting since there are recent, highly precise mea-
surements of the Z-boson mass, Mz [Ab89], from which, in principle, one may determine
sin?fw to better than ~1%. One may therefore test the universal applicability of Eqn.1
by studying the weak neutral current, with comparable precision, in other systems. An
example of such a measurement is the proposed LCD experiment at LAMPF [Al88a)
which would extract the equivalent value of sin?fy in neutrino-electron elastic scatter-
ing. As we shall discuss in detail below, parity violation in elastic £p scattering is another
important example, and one in which CEBAF can make an important contribution.

A second path is to assume the validity of the standard model and use the neutral
current couplings to quarks, defined by Eqn.1, to extract details of hadronic structure. In
particular, the “strangness” content of the nucleon, which has received a great deal of at-
tention lately [Ja87,Mc89,Be89,As88,Ka88,No89,Be809b|, can be measured since the weak
neutral current couples to different combinations of quark matrix elements than does the
electromagnetic interaction. Recent measurements and analyses [As88,Ja87| suggest that
there is a significant contribution to nucleon structure from strange quarks, obviously in
contradiction to the simple constituent quark model. It has been proposed [Mc89,Be89a|
that elastic Zp parity violation be measured at kinematics designed to extract a particular
piece of the matrix element 3v,s in the proton. Below we outline the general case and



discuss the implications from experiments that would be performed at CEBAF.

Parity violation in elastic &p scattering arises because of interference between elec-
tromagnetic and weak neutral currents between the electron and the proton. Therefore,
such measurements can be used to extract the matrix elements of the weak neutral cur-
rents, since the electromagnetic matrix elements are well measured via the unpolarized
elastic scattering differential cross sections. However, these experiments are difficult be-
cause the asymmetries are small (~ Q*Gr/may/2 x|form factors] ~ 107%) and therefore
one needs both a large number of counts and excellent control over systematics to obtain
precision results. CEBAF is an ideal accelerator for both of these potential obstacles.
The expected beam will be much more intense than that available now and it will also
have extremely small emittance. Such quantities du'ectly bear on many of the difficult
potential systematic errors.

We therefore propose two new measurements. One, with forward electron scattering
angles and Q? = 0.1 GeV?, will put important constraints on the matrix elemerit of
37,8. The second, also with forward electron scattering angles but Q? ~ 0.02 GeV?, will
study the validity of Eqn.1 for couplings to quarks at a new level of precision. These
experiments may run concurrently, although with different apparati. Since we clearly
need to gain experience with the accelerator and with the polarized electron source, we
request approval to begin measurements as soon as beam is available with prototypes of
our anticipated detector arrays.

3 Formalism

The equation for the asymmetry A for parity violation in elastic &p scattering has been
presented by many authors [Re74,Ca78,Po87,D0o88, Mc89,Be89|:
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where

Q=-¢=—(p.-p)*>0
Gp = 1.027 x 107%/M? where M is the proton mass

r=v?/(-q?) = Q¥/4M? with v = P, . ¢/M = —¢?/2M for elastic scattering

el = [1 + 2(1 + r)ten? %] where 8 is the electron scattering angle

§=¢(GL) +1(G})’
and the G}'fu denote the “electric” and “magnetic” form factors for the electromagnetic

and weak neutral current couplings to the proton, and GZ is the axial vector form factor
for the weak neutral current.

The form factors are defined in the usual way. That is, assuming that the vector
currents are conserved and that there are no “second class” currents, we have the fol-
lowing general forms for matrix elements of some vector or axial vector current operator
between proton states with four momenta P and P”:

P11P) = 8[REr+ SR u ®)
(P')I4IP) = T[G:(e)r"]u (4)

where ¢ = P! — P = p, — pl in elastic electron scattering. (In principle, there can be
another form factor, commonly called Gs(q¢?), multiplying ¢*4%, in Eqn. 4. However,
in all the expressions that follow, it would enter only in order m,/E and is therefore
neglected.) The “Sachs” form factors Gg and Gas, and the axial form factor G4, are
then defined as follows:

Ge(d®) = Fild*) - rFi(q")

Gu(d") = F(d) + File’)
Galg’) = Gilg’)

We may qualitatively understand Eqn.2 as follows. The overall factor proportional to
Grg?/a comes from the product of the weak neutral current (~ ¢3,.,./(M3 —¢*) ~ Gr)
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and electromagnetic (~ a/q?) propogators, divided by the square of the electromagnetic
propogator. The first two terms in the expression involving the form factors represent
the (parity violating) interference between the axial vector electron coupling (= 1) and
the vector couplings to the proton. In that sense, those two terms are analagous to the
normal elastic scattering differential cross section form factors £ which we divide by. The
third term represents the interference between the weak vector coupling of the electron
(= 1-sin®0w) and the product of vector and axial vector couplings to the proton. The
only such cross term which violates parity is the product of the axial form factor (i.e.
GZ) and the (electromagnetic) magnetic vector form factor (i.e. G},) times the difference
between densities of left- and right-handed polarized virtual photons (i.e. (1 — €?)/?)).

The electromagnetic form factors for the proton, G} and G}, are well known on the
basis of many measurements of unpolarized elastic ep scattering. The neutral current
form factors, on the other hand, can in principle only be known through experiments
with measure the exchange of a Z boson with the proton, in the same way v exchange
measures the electromagnetic form factors. However, in terms of the standard model, the
neutral current form factors G§ ,, are determined from the electromegnetic form factors
using Eqn. 1 where we express the currents in terms of quantities that are eigenstates
of weak isospin and electric charge. When considering the proton, we write the currents
as being carried by up (u), down (d), and strange (s) quarks. It should not necessarily
be surprising that strange quark degrees of freedom are needed to explain these matrix
elements. Indeed, one of the first treatments of weak neutral current form factors [We72]
mentioned this possibility. Since the mass of the strange quark (m, ~ 150 MeV) is
of the same order as the deconfinment scale of QCD (A ~ 150 MeV'}, one might have
expected this to be the case, and in fact there is some experimental evidence that the
matrix elements of 3s [Ja87] and 3y#4®s [As88] in the proton are nonzero.

It is convenient to express both the electromagnetic and weak neutral current form
factors in a notation that exploits the SU(3) iavor character of the quark structure. We
separate each current into 0, 3, and 8 components corresponding to the diagonal 3 x 3
matrices A%, A3, and A® [Be89]. Realizing that the weak isospin of the u quark is +3,
and that for the d and s quarks it is #%, and also that the current J: of Eqn. 1 is only
carried by left handed quarks (e.g. (1 — 4*)u), we arrive at the following expressions
for the currents [Be89):

A )

a=0,3,8



a=0,3,8
where
a®=0 a*=1 o=
0_ 1 p3_1 p8_ 1
p=-1 P=1 =1
and J* = A%y, and Je = PA%y,vsy where ¢ is a column vector of u, d, and

s. We associate the current ng with the baryon number, J;:'V with the isospin, and
that if the 3s matriz elements are zero then Jﬂ = 7’5.]:. In the limit of strong isospin
symmetry, the 0 and 8 components are the same for protons and neutrons (i.e. give the
same contributions for v and d quarks), while the 3 components change sign.

The 0, 3, and 8 components of the form factors follow from the definitions of the
currents. In many cases [Ka88,Mc89,Be89| the values of the form factors at g> = 0 are
known from the proton and neutron charges and magnetic moments, and from neutron
and hyperon beta decay. In particular, we have

G3(0) =1 Gi(0) =1 G3(0) = 4
G34(0) = sy — pn) G3(0) = S (ip + pn)

G(0) = laa/gv| = F+ D €1(0) = Z(3F ~ D)

Here u, = 2.79 is the proton magnetic moment and u, = —1.91 is the neutron
magnetic moment. Also, |ga/gv| = 1.262 [KI88] and in the limit of no strange quark
contributions, we have G£(0) = —}G}(0) = —1.262/2. The values of G},(0) and G}(0)
need to be determined in other experiments. Since these singlet form factors are part of
the weak neutral current, but not the electromagnetic current, (i.e. a® = 0 in Eqn. 5) we
need studies of weak neutral current processes if we are to fill out this picture [Ka88].

It is convenient to assume strong isospin and write the neutral current vector form
factors in terms of the electromagnetic form factors of the proton and neutron. In that

case, we have (Gg, = GE)

GE") = (5 - sinw) Ge,(¢") - 7Gr.(¢") - {G5(e") (7
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GLe) = (- sin'w) Gag(a*) ~ 36ma(e?) = Giele?) Q

where
2

Enle’) = Ggpele®) - —ﬁGGE,M(qz) (9)

(We implictly assume that the strange quark matrix elements are the same in the pro-
ton or neutron, that is, they are pure isoscalar.) The form factors G§ ,,(¢?) measure
the “strangeness” contributions to the nucleon’s electric charge and magnetic moment
distributions, respectively. In that sense, G} (0) = 0 while G4,(0) is undetermined. An
interesting proposal was made, based on Eqn. 2 and Eqn. 7, that parity violating ép
scattering be used to determine the electric form factor of the neutron, Gg, [Do88|.
However, in light of the possibility that both G and G}, are nonzero, they must be
determined independently before this is tractable [Be89]. On the other hand, it is clear
that independent measurements of Gg, and Gys, may be used to help determine the
weak neutral current form factors at finite g2.

Modifications to this picture are numerous, involving electroweak radiative correc-
tions [Dm89], odd parity components of the proton wave function {Ha89], and modifi-
cations to the standard model [Ly87,Ge89]. Each of these must be investigated further
to understand their impact on our proposed measurements, especially in light of recent
precise measurements of Mz. An example of a modification to the standard model which
may be revealed rather uniquely through elastic €p scattering is shows in Fig. 3. In
this case, the standard model gauge group is imbedded in an E(6) gauge group which is
spontanteously broken down to the present standard model [Ly87). A new weak neutral
current appears and the mass of the new intermediate boson (M3 ) would be constrained
sensitively through measurements of Zp parity violation as demonstrated in Fig. 3 [Ly87a).
This example emphasizes the need to test the standard model in several complementary

ways.

4 Kinematic Regions and Sensitivities

Now we examine in some detail the behavior of Eqn. 2 in three specific kinematic regions,
namely Q% = 0.1 GeV? and ¢ — 0 (i.e. backward scattering), Q* = 0.1 GeV? and £ — 1
(i.e. forward scattering), and Q? = 0.02 GeV? and ¢ — 1. We shall show that the
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Figure 1: Parity violation in elastic &p scattering puts sensitive limits on the mass of a
new boson carrying a new weak neutral current. This new current would be implied by
a unified E(6) model of the fundamental interactions.
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Figure 2: Contributions to the asymmetry in Eqn. 2 from the form factor dependent
terms as a function of electron scattering angle # for Q? = 0.1 GeV?. An overall factor
of GpQ?/ma+/2 has been omitted. These kinematics would be particularly sensitive to
strange quark contributions to the proton form factors should they exist.

first two of these constrain the strange quark form factors G§ and G}, to a reasonable
range. The third region is most sensitive to electroweak effects and the equivalent value
of stn?8y . The first region is the subject of an active proposal at the MIT-Bates Linear
Accelerator Center [Be89a] while the second and third are the focus of this proposal.

Figure 2 shows the relative contributions to the asymmetry from the “electric” (Ag),
“magnetic® (Ap) and “axial” (A4) terms in Eqn. 2 where we determine the weak neutral
current form factors from Eqns. 7 and 8 assuming that G = G}, = 0 and a standard
representation for Gg, [GaTl]. We now discuss the regions near § = 180° and § = 0° in

more detail.

Backward Scattering at Q* =~ 0.1 GeV?. For backward scattered electrons, the
longitudinal polarization & vanishes and consequently there is no contribution to Eqn. 2
from electric form factors. It has been proposed to determine the g* = 0 value of the
singlet form factor G, (and consequently G},) in this manner [Mc89,Be89a| to ~ 10%.
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In this limit, Eqn. 2 becomes

1+rﬁ
r G,

2 2
Ale — 0)= —g:—:—q—z— -(-G;Tz - %(1 - 48!.'n23w)

(10)

Note that the contribution from the (poorly known) axial vector form factor grows
without bound as ¢ — 0, although it is suppressed by the factor (1 — 4sin?fy) since
sin*fw ~ ;. At Q* = 0.1 GeV? the contribution from the axial term is ~ 10 — 30%,
depending on radiative corrections. If we assume that that the uncertainty in G% is on
the order of 20% (see for example [Ah87}), then it would contribute a few percent error
to the determination of GZ,. Note, however, that we must assume that the form factors
evaluated at Q? = 0.1 GeV'? are still given by their values at ¢® = 0, or at least their ¢*
dependences are all the same and therefore cancel.

Forward Scattering at Q? =~ 0.1 GeV?. In this limit, ¢ = 1 and there is no axial
vector form factor contribution. As opposed to the backward scattering region, however,
there ts a contribution from the electric form factors. In particular, we find that Egn. 2

becomes
G;.-Q: G}Gﬁ + f(’:“"MGﬁlr (11)

rav2 [ (GF) +r(GL,)*

Consequently, such a2 measurement would extract G}, in the same manner as a measure-
ment at backward angles, except that we have traded sensitivity on G4 for sensitivity to
the electric form factors. Given such 2 measurement at backward angles, however, and
assuming that the contributions from G% are understood to a sufficient level, we would
use existing data for the proton [Wa89] and anticipated data for the neutron [Mi88|
electric form factors to constrain G4 (Q? = 0.1 GeV?). At Q* = 0.1 GeV?, one finds
that ~ 10% measurements of the asymmetry at both forward and backward angles are
complementary, and these measurements would imply an error in G ~ 0.02. We do
not know a priori what G§ should be, but if we follow the example of Gg, (which anal-
ogously measures the charge distribution for the neutron), we find that Gz, = Gy, .
With G§, ~ +1, we then expect G4 ~ +r = +0.03. Hence, these measurements would
constrain G% to at least its “natural” limits.

Ale—1)=-

In principle, we could use these kinematics to determine sin?fy to ~ 1% assum-
ing that we knew the relevant proton form factors to enough precision from other ex-
periments. The sensitivity to sin?fy comes primarily from the factor (1 - 4sinlly)
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multiplying the proton electromagnetic form factors in Eqns. 7, 8. In order to measure
{1—4sin?fy) to 2 10% (and so sin?fw to ~ 1%) at practical kinematics {Ejyeqm ~ 4 GeV),
we would need new measurements of Gy, and Gg, to precisions of ~ 3% and ~ 15%
respectively (i.e. 2 to 3 times better than they are presently known), and independent
knowledge of the strange form factor G4, to ~ 5% x 1. In addition, we must make
assumptions about the Q? behavior of the form factors. It would then appear that our
sensitivity to G5(Q? = 0.1 GeV'?) would overshadow a precision measurement of sin?fy .
On the other hand, if precise measurements of the neutron form factors are completed
(which we do expect to happen), and other measurements and theoretical analyses put
strong constraints on strange matrix elements, then this would be a suitable way to ex-
tract sin’fy. Indeed, if the measurement results in a value consistent with no strange
quark effects and the standard model prediction fo sin?@y, then a significant constraint
on both will be obtained.

Forward Scattering at Q? — 0. In the limit Q? — 0, the contributions to Eqn. 2
from both magnetic and axial terms vanishes. In addition, we know the values of the
electric form factors at @ = 0, in particular Gg,(Q? = 0) = 1 and Gg,(Q? = 0) =
G%(Q? = 0) = 0. Therefore, Eqn. 2 reduces to the following form:

A(Q* - 0) = -4(:; ?/; (1 - 4sin’tw) (12)

and consequently a &~ 10% measurement of this asymmetry would yield a =~ 1% value
for sin?0y in the important regime of Z — quark coupling, rather independent of proton

structure.

Unfortunately, however, the asymmetry itself vanishes as Q? — 0 and some finite
value of Q? must be chosen so that the uncertainty is measureable. Basically, this requires
r & (} — sin?0w) = 0.02. We choose Q* = 0.02 GeV? (r = 0.008) which gives A =
1.7 X 10~7. Given an electron beam polarization ~ 50%, this means that our experiment
must ultimately measure an asymmetry with precision of ~ 10-%. Systematic error has
been reduced to this level in previous experiments in fp scattering parity violation [Yu86),
so it may be possible to do this well at CEBAF given the superior beam characteristics.

The relative contributions to Eqn. 2 at Q2 = 0.02 GeV'? and forward angles is shown
in Fig. 3. Although the electric contribution dominates, there is a sizable contribution
from the magnetic terms. Also, the electric term is not purely from Gg, but has contam-
ination from Gg, and G%. However, even current knowledge of the proton and neutron

12
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Figure 3: Contributions to the asymmetry in Eqn. 2 from the form factor dependent
terms as a function of electron scattering angle @ for Q% = 0.02 GeV2. An overall factor
of GpQ?/ 7ay/2 has been omitted. These kinematics are the basis for measurements of
stn?@w in elastic 2p scattering.

form factors is sufficient to reduce the undertainty in their contribution to a negligible
level. Also, if G§, ~ £1 is measured to ~ 20%, either at Bates or CEBAF (but prefer-
ably both), then its contribution to the uncertainty is well within the goal of 10% in the

asymmetry.

5 Proposed Measurements at CEBAF

Execution of these measurements will require high currents (~ 100 pA) on relatively
thick cryogenic targets (~ 15 ¢m LH;); good beam quality including emittance and
halos; high electron beam polarization with good control over transverse components;
rather specialized experimental equipment; and significant amounts of running time. For
all of these reasons, we do not expect to begin data taking for final results until some
time after CEBAF has been operating. However,in order to prepare for final data taking,
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it 13 imperative that we begin as soon as beam s avaslable to understand detatls of the
accelerator and our ezperimental apparatus. We therefore propose that we have initial
beamn time to carry out these first measurements using prototypes of our anticipated final
detector arrays. It seems clear to us that Hall C is the correct end station to pursue
these rather specialized, high luminosity measurements.

The design of the experimental apparatus is, at this time, still in a conceptual state.
However, we do not expect a specialized experiment for measuring €p elastic parity
violation to be very intricate, and could be constructed in roughly 2-3 years time. Below
we sketch our current ideas about how we would make these measurements, including
estimates of potential background rates. We also point out that when the time scale for
completion of the STAR spectrometer [Al88] is clearer, we may direct our attention to
using that device for these measurements.

One crucial aspect of these measurements is development of high power eryogenic
targets (~ 500 W). Such targets will be part of CEBAF’s initial operation, and a
similar target, specifically designed to be used in a parity violation experiment, is being
developed {Be80a]. Another important development will be implementation of an electron
beam polarimeter. We are currently investigating a variety of possible options.

We are proposing two measurements, one at Q% = 0.1 GeV? and the other at
Q? = 0.02 GeV?, both at forward angles where ¢ —+ 1. These kinematic regions can
simultaneously be reached with a beam energy £ = 2 GeV, at scattering angles of
0 = 10° and @ = 4° respectively. Consequently, both measurements can be run with
the same beam and target, but with different detection equipment. If we detect only
the scattered electron, however, we must be careful not to accept inelastically scattered
electrons into our apparatus. Figure 4 shows the differential cross section for inclusive
electron scattering from protons for kinematics corresponding to Q* = 0.1 GeV? and
Q? = 0.02 GeV?, calculated according to a well known parameterization [Br76|. If our
electron detector integrated over effectively all electron energies (e.g. as would happen
with a threshold Cerenkov counter), then a significant amount of inelastic background
would be counted as well. Since we aim for a = 10% measurement at Q? = 0.02 GeV?,
and the integrated inelastic cross section is less than 10% of the elastic cross section and
well understood, a simple apparatus should suffice for this measurement. However, this
is not the case for the measurement at Q? = 0.1 GeV?, and some other detection scheme

must be devised.
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Figure 4: Calculated inelastic and elastic scattering cross sections at the angles corre-
sponding to elastic scattering at Q* = 0.1 GeV? and Q? = 0.02 GeV? for a fixed beam
energy E = 2 GeV. The arrow indicates the position of the elastic peak.
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5.1 A Measurement at Q? = 0.1 GeV?

It is our current thinking that it should be possible to carry out this measurement
by detecting the elastically scattered protons instead of the electrons. The scattered
electrons are contaminated at the 50% level by inelastic processes, the majority being
from excitation of the A(1232) and so have reasonably high energy (see Fig. 4). In the
absence of some sort of magnetic separation (that may be possible in later experiments
with the STAR [Al88]), electron detection, even in coincidence with protons, will not serve
much useful purpose. Proton background from this process, on the other hand, would
emerge over a much larger angular range and with significantly less energy than elastically
scattered protons. Initial estimates using the Monte Carlo program CELEG [Jo89] tend

to confirm this expectation.

We would detect protons over an approximate angular range 65° < 6, < 80° and
determine their Q? on the basis of Time-of- Flight (TOF)} measurements. We would run
the accelerator in a mode where full average beam current is maintained, but polarized
electrons are injected in pulses separated by =~ 30 ns. With an array of proton counters
located at a distance of 2 m from the target, flight times for the protons of interest are
between roughly 15 ns and 25 ns. Since, for elastic scattering, the proton energy is
simply proportional to @2, we measure Q? to sufficient precision by determining TOF
to &~ 300 ps. The beam pulse width is completely negligible on this scale, and with
scintillation counters can achieve this timing with currently available scintillators and
photomultiplier tubes.

An important consideration is whether or not the proton counters can sit in an
open environment looking essentially unobstructed at the target. We have used the mea-
surements of the CEBAF LAS collaboration of low energy backgrounds due to electron
beams [Me89]. Scaling up to our expected luminosity, we find that if we shield the scin-
tillators from the target by ~ } gm/em? of some low Z material (such as Carbon sheets),
then the soft electrons and very low energy gamma rays are eliminated, and negligibly
effect the protons we need to detect. The remaining fux of gamma rays is for energies
above ~ 100 keV and would represent approximately 10*/pulse into our solid angle.
This would be compared to an elastic scatter rate of =~ 4/pulse. The protons would,
however, give signals greater than 4x (minimum ionizing), or nearly 1 MeV in reason-
able thickness counters. The gamma rays, on the other hand, would only have a few %
probability of interacting in the counters, and even then they would only deposit some
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fraction of their energy. Therefore, we believe that we may be able to withstand this
background, especially since it arrives far earlier than the proton signals. Understanding
this background will be an smportant result of our initial R§D measurements. Another
option we are investigating is the use of large permanent magnets to bend the protons
out of direct view of the target before being detected.

Taking data in this way implies that we actually count events as opposed to inte-
grating the flux over the time of the beam pulse. This means that dead time effects are
of crucial importance, as well as the ability to take data at extremely high rates. We
anticipate a data acquisition system that would have independent processors working on
individual parts of the proton detection array, histogramming, among other things, the
TOF measurements from the individual counters.

Assuming an electron beam polarization of 50%, and a 100 zA beam current on a
15 e LH; target (i.e. £=4 x 10°® em~2sec™!), we would achieve a statistical precision
~ 10~7 with less than 1 month of beam on target. Certainly, important strides can be
made with much shorter running periods with the intent of understanding systematics

uncertainties.

5.2 A Measurement at Q% = 0.02 GeV?

Using the same target and 2 GeV beam as for the above measurement, we would investi-
gate the possibility of measuring the asymmetry at forward angles and very low Q%. As
we show above, at Q? = 0.02 GeV'?, the asymmetry (albeit small), is rather insensitive to
uncertainties in the hadronic structure and would more directly measure sin2fy. At this
time, we anticipate carrying out this measurement using threshold gas Cerenkov counters
arranged azimuthally and at very small angles (8 = 4°) to the beam direction. Although
4° is many standard deviations away from the beam in terms of multiple scattering and
bremsstrahlung radiation from the target, the rather long tails of these distributions will
be more difficult to deal with. However, they can be simulated rather straightforwardly
using standard Monte Carlo programs. We recognize that the Cerenkov counter must
have a very low mass support structure and the region along the beam filled with a low
Z gas, probably hydrogen or helium. The running time required to achieve the desired
precision would be roughly 3000 hours.
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5.3 Experimental Layout

With the above ideas in mind, we have sketched a diagram of our anticipated experi-
mental apparatus in Fig. 5. The Q? = 0.1 GeV? measurement would be made using
the proton scintillation counter arrays. Note that the proton counters are in separate
¢-symmetric modules, each with several scintillation detectors segmented in the direc-
tion of 8,. A flight path of ~ 2 m from the target to these detectors will give sufficient
energy (and therefore Q?) resolution via TOF. Thin low-Z sheets in front of the proton
counters should provide sufficient shielding from very low energy (i.e. keV) gamma rays.
The counters are relatively insensitive to high energy gamma rays. The count rate from
elastic &p scattering would be = 4/pulse or 1 — 2 x 10%/sec, integrated over all proton
counters. A special purpose data acquisition system, probably based on a simple parallei
network of fast processors and memory, will be needed.

The small angle Cerenkov counters are designed to be sensitive to elastic scattering
in the range of Q% = 0.02 GeV?. An important issue is the condition of the beam halo
after passing through the target chamber, but we attempt to minimize the interaction
of this halo by surrounding the region with an atmosphere of some low Z gas. These
counters would run at an extremely high rate and conventional flux counting techniques

will be used to extract the asymmetry.

5.4 Running Time

Such experiments need to be run in stages, building on the experience of one run to
prepare for the next, Following is an example of the sequence of running times we will
request to carry out these measurements:

Prototype Tests ( This Proposal). We request three weeks of beam time to study back-
grounds, polarized source behavior, and to get a first estimate of the magnitudes
of the systematic errors. All such runs would use prototype detector arrays and a

solid target, probably 13C.

Detector Shakedown. After the detector systems are more of less complete, we would
request = 1 mmonth of beam time to study the integrated detector and data acqui-
sition system. We expect that this would also be done with a solid target.
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Continued Shakedown with Cryogenic Target. When the LH; target is ready, we
would once again request =~ 1 month of beam to understand systematics with the
LH, target, and hopefully acquire some data suitable for preliminary results.

Production Running. At this point we would request = 2 months of beam time to
acquire enough data to measure A{Q? = 0.1 GeV'?) to = 10% or better. This would
yield a measurement of, or a limit on, the strange matrix elements G}, and possibly
G%. If results at this point are consistent both with the standard model and with
no strange quark contributions, then important new limits would be placed on each.
Data acquired from the low angle detectors would yield a measurement of sin?fy
to new precision in the “lepton-quark” sector independent of the outcome of the
extracted values of G% ,,. Further data taking would certainly depend strongly on

results at this time.

8 Control of Systematic Errors at CEBAF

Any characteristics of the electron beam that change when the helicity is reversed may
affect the scattering measurement and give rise to a spurious asymmetry that mimics
parity nonconservation. It is therefore necessary to monitor the beam energy, polariza-
tion, position, intensity, and size. Each of these beam properties must be monitored
continuously, and, if necessary controlled to a level sufficient to ensure that they make
an insignificant contribution to the overall uncertainty relative to the level of the sta-
tistical precision of the measurement. The spurious contributions to a parity violation
experiment can be parameterized as follows:

g4 0A oA 9A 0A
AM_A+AE5_E_+AP§}3+Ar_5;‘—+AI?I-+Af5_f+“. (13)

where A,, is the measured asymmetry and A is the actual asymmetry. AE, AP, Ar, A,
and A f are the magnitude of helicity correlated energy, polarization, position, intensity,
and phase space (beam size) variations carried by the beam, respectively. The partial
derivatives JA/3E, etc. define the detector’s sensitivity to the corresponding property
of the beam. The goal, therefore, is to minimize all variations in the beam’s properties
and the detector’s sensitivity to each component.
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For example, the term Ar is expected to be very small in the CEBAF experiment
since its magnitude is primarily determined by the beam diameter, and parity experi-
ments have been conducted, at LAMPF, SIN, and Bates, using beam diameters 10 to
100 times larger than anticipated for CEBAF. The relative size of the corresponding sen-
sitivity term, 84 /8r, is determined primarily by the inverse of the size of the detector
times the magnitude of beam motion on the target. Again, previous experiments have
employed smaller and less sophisticated apparatus, and have successfully dealt with very
jittery beams. Thus, we expect the Ar . dA/8r term to be very small in this third gen-
eration parity experiment. Owing to the quality of the detector being proposed and the
extremely high quality expected for the CEBAF beam, similar results are anticipated for
the other terms. Note, also, that only the helicity correlated components of the above
expression contribute to systematic uncertainties.

A continuous precision measurement of the beam energy and a servo system to
apply a correction signal to the klystrons supplying power to the rf cavities may be
required. It may also be necessary to monitor and control beam intensity veriations and
apply a correction signal to the source. Control systems for beam motion and phase
space (size) modulation may be required, but residual transverse polarization is not
expected to be a problem at CEBAF. Generally, such systems exist within accelerators,
but parity experiments usually require greater accuracies than equipment designed to
serve solely as accelerator diagnostics. Fortunately, high beam quality and large apertures
are intrinsic to superconducting linacs. Thus, little or no beam halo and stable operation
are anticipated. In order to take maximum advantage of these features the collaboration
intends to interact closely with the CEBAF accelerator division, at an early stage, to
minimize the need to work around subtle, unanticipated machine characteristics, as has
been the case for previous experiments.

7 Possible Subsequent Measurements

It is possible to directly isolate sindw and the strange quark form factor Gz by measuring
elastic scattering parity violation on a pure isoscalar target, assuming that G% is the same
for free nucleons as for nucleons in nuclei. In particular, for elastic scattering from a pure
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isoscalar, J* = 0* target we have the'expression [Be89,Du89|

2 ]
A(0%) = % [s;'n’aw + (Z%) g;f; (14)

Since G§(Q? = 0)=0, measurements (possibly simultaneous) of this asymmetry at two
or more values of Q* would allow an extrapolation to Q* = 0, extracting both sin?dy
and G%(Q?). (Note that results at @Q* = 2.3 x 10~? GeV? on 2C will soon be avail-
able [Mi88a|.) An important consideration for such a measurement is the level to which
the ground state of the target nucleus is pure isoscalar. Calculations indicate that admix-
tures should be particularly small for *He [Do89]. This choice is attractive for experimen-
tal considerations because the energy of the first excited state is very large (= 20 MeV)
and the form factors are known over a large range of Q* [Fr67,Fr68|.

With even crude resolution on the scattered electron energy, it would be possible to
measure parity violating inelastic scattering to the A(1232) resonance (see Fig. 4) and
study aspects of its structure and possibly test the standard model in other ways [Ca78].
With moderate momentum resolution (~ 10~3%), it would be possible to examine novel
aspects of nuclear structure via inelastic scattering to excited states of complex nuclei,
for example 12C {Wa77,Se79).

Each of these possible measurements would require that we detect the scattered
electron with moderate energy resolution, requiring some sort of magnetic spectrome-
ter. A very suitable instrument for these measurements would be the STAR spectrome-
ter [Al88], an azimuthally symmetric cluster of 8 focussing spectrometers. Figure 7 shows
a schematic of a possible experimental setup. Rays are traced through the magnetic field,
corresponding to elastic scattering from ‘He and for inelastic scattering at the threshold
for m production. Integrating electron detectors would then be placed at the appropriate
focal point. The large solid angle and azimuthal asymmetry are obvious large advantages
for these measurements.

We therefore also propose that we use the STAR spectrometer, as soon as both
it and beam are available, to study its use in such parity violation experiments. This
would include possible use in either or both of the two primary kinematic regions we
have identified for gp elastic scattering parity violation.
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RILO= 1.00 RIHI= 2.00 ANGI= /5.0 DTRG= 5.00

RXLO= 0.50 RXHI= 2.50 ANGX= 45.0 ATRG= 4
DSTO= 1.00 B=18.00 KG ENRG= 2.0
BMIN= 11.5 BMAX= 23.3 ELASTIC

Afl= 85.6 msr

Figure 68; In order to measure parity violation in electron scattering processes that require
good resolution in scattered electron energy, one would use the STAR spectrometer.
This figure shows approximate rays traced through one section of the STAR. The rays
correspond to elastic scattering from *He and for inelastic scattering at the threshold for
7 production.

23



8 Conclusion

Parity violation in elastic €p scattering can reveal novel aspects of nucleon structure
and provide important new information for testing the standard model of electroweak
interactions. We have shown that specific kinematic regions can be used to enhance
or suppress possible contributions from strange quark degrees of freedom. We have
studied specialized experimental equipment that we believe may prove to be suitable
for measurements in these two kinematic regions. We propose that, as soon as beam is
available, we test prototype arrangements of this equipment.

When the STAR spectrometer is available, a variety of new experiments may be
possible, and we would request beam time at that point to study those possibilities.
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